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We compute the photon yield and elliptic flow coefficient in relativistic heavy-ion collisions from
gluon fusion and splitting processes induced by a magnetic field for different centralities. The calcu-
lation accounts for the intense magnetic field and the high gluon occupation number at early times.
The photon production induced by these process represents an excess contribution over calculations
without magnetic field effects. We compare this excess to the difference between PHENIX data
and recent hydrodynamic calculations for the photon transverse momentum distribution and ellip-
tic flow coefficient v2. The time evolution of the field strength and reaction volume is computed
using UrQMD. We show that with reasonable values for the saturation scale, the calculation helps
to better describe the experimental results obtained at RHIC energies for the lowest part of the
transverse photon momentum at different centralities.
I. INTRODUCTION
The possibility to produce large strength magnetic
fields in peripheral heavy-ion collisions [1] serves also as
a motivation to explore new channels [2–4] to try explain
the anomalous excess of direct photons produced in these
reactions, the so called direct photon puzzle [5–7]. Since a
magnetic field induces the breaking of rotational invari-
ance, this field is not only a source for an excess photon
yield but also of an increase of the second harmonic coeffi-
cient (v2) of the Fourier expansion in the azimuthal pho-
ton distribution [8]. Although some recently improved
hydrodynamic [9, 10] and transport [11] calculations ob-
tain a better agreement with ALICE and PHENIX mea-
surements of low and intermediate transverse momentum
(pT ) photons, this agreement is not yet complete [12].
Moreover, PHENIX [13] has also found that in Au+Au
and Cu+Cu collisions at different centralities and beam
energies, the yield of low pT photons (. 2 GeV) scales
with a given power of Ncoll, which suggests that the
source of these photons is very similar across beam ener-
gies and colliding species. In a recent work [14] we have
shown that an important source of low pT photons is pro-
vided by the gluon fusion induced by the presence of a
magnetic field during the early stages of a high-energy
heavy-ion collision. This process also increases v2 at low
pT . The study was performed resorting to an educated
guess for the intensity of the magnetic field and with an
estimate of the space-time volume where the reaction oc-
curs. We compared our results for the excess photon yield
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and v2 with PHENIX data subtracting the state of the art
computation of Ref. [9] for 20-40% Au+Au collisions at
RHIC and found a reasonable agreement for low pT pho-
tons. In this work we use instead Ultrarelativistic Quan-
tum Molecular Dynamics (UrQMD) [15] to estimate an
upper limit for the time evolution of the magnetic field in-
tensity and the volume produced by the collision partici-
pants and spectators. This is achieved producing samples
of Au+Au and Cu+Cu collisions at
√
sNN = 200 GeV for
different centrality ranges. In our approach, the influence
of medium effects for the magnetic field evolution are
not accounted for. Estimates of the medium influence,
encoded in terms of a finite conductivity, permittivity
and permeability, are discussed for instance in Refs. [16–
20]. We also extend the analysis of our previous work
to include the contribution to photon production from
another closely related process to gluon fusion, namely,
gluon splitting into a photon and a gluon, to compute
both the photon yield and v2. We use this approach to
perform a centrality dependence study for the excess pho-
ton yield and v2 comparing to the recent PHENIX mea-
surements. We find a relatively good agreement for the
lower part of the spectra which improves for peripheral
collisions and when the magnetic field strength includes
the contribution from both spectators and participants.
Another approach to include the effects of electromag-
netic fields for photon production in heavy-ion collisions
is worked in Ref. [21], where the photon production cross
section is estimated from proton-neutron bremsstrahlung
in a Boltzmann-Uehling-Uhlenbeck model, accounting for
the electromagnetic field in the simulated reactions.
Our manuscript is organized as follows: In Sec. II we
revisit the field theoretical calculation of the gluon fu-
sion process in the presence of a constant magnetic field.
We also include the contribution to photon production
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2from gluon splitting. In Sec. III we use UrQMD to com-
pute the time evolution of the magnetic field strength
and reaction volume that are needed for a more reliable
computation of the photon yield and second harmonic
coefficient. In Sec. IV we present the results for the pho-
ton yield and v2 and compare to PHENIX experimental
data. We finally summarize and conclude in Sec. V.
II. SOFT-PHOTON YIELD AND SECOND
HARMONIC COEFFICIENT
In order to present the calculation in a self-contained
manner, here we summarize the field theoretical frame-
work to obtain the photon yield and v2. More details can
be found in Ref. [14]. Since the presence of a magnetic
field breaks translational invariance, the amplitude for
the process has to be computed in coordinate space and
subsequently integrated over space-time.
The lowest order process in the strong, αs = g
2/4pi,
and electromagnetic, αem = e
2/4pi, couplings come from
amplitudes made of quark triangle diagrams with two
gluons and one photon attached each at one of the ver-
tices of the triangle. In this work we include both the
gluon fusion and gluon radiation channels, depicted in
Figs. 1 and 2, respectively, where each row of diagrams
corresponds to the two possible ways the charge flows in
a given triangle.
The coordinate representation of the quark propagator
is given by [22]
S(x, x′) = Φ(x, x′)
∫
d4p
(2pi)4
e−p·(x−x
′)S(p), (1)
where S(p) is the Fourier transform to momentum space
of the translational invariant part of the propagator, i.e.
iS(p) =
∫ ∞
0
dτ
cos(|eqfB|τ)e
iτ
[
p2‖−p2⊥
tan(|eqfB|τ)
|eqfB|τ −m
2
f+i
]
×
{
[cos(|eqfB| τ) + γ1γ2 sin(|eqfB| τ)] (mf + /p‖)
− /p⊥
cos(|eqfB| τ)
}
, (2)
and Φ(x, x′) is the phase factor which carries the explicit
coordinate dependence, and is given by
Φ(x, x′) = eieqf
∫ x
x′ dξ
µ[Aµ+ 12Fµν(ξ−x′)ν ], (3)
with eqf the quark charge in units of e, the absolute value
of the electron charge.
In this section, we study the case of a constant mag-
netic field chosen to point in the z-direction. In the next
section we will use this setup to study the case where the
magnetic field evolves with time. A constant magnetic
field in the z-direction is obtained from a vector potential
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FIG. 1: Leading order contribution for photon
production from gluon fusion in the presence of a
magnetic field where the double lines represent that the
corresponding quark propagator is in the 1LL, whereas
the single lines represent the propagator in the LLL.
The arrows in the propagators represent the charge flow
and the arrows on the sides represent the momentum
direction.
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FIG. 2: Leading order contribution for photon
production from gluon splitting in the presence of a
magnetic field where the double lines represent that the
corresponding quark propagator is in the 1LL, whereas
the single lines represent the propagator in the LLL.
The arrows in the propagators represent the charge flow
and the arrows on the sides represent the momentum
direction.
3Aµ in the symmetric gauge Aµ = B2 (0,−y, x, 0). Also, for
a four-momentum pµ, we have defined pµ⊥ = (0, p1, p2, 0),
p‖ = (p0, 0, 0, p3), p2⊥ = p
2
1 + p
2
2, p
2
‖ = p
2
0 − p23, and there-
fore p2 = p2‖ − p2⊥.
From the Feynman diagrams of Fig. 1, we can write
the expression for the amplitude M˜gg→γ , and this is ex-
plicitly given by
M˜gg→γ = −
∫
d4xd4yd4z
∫
d4r
(2pi)4
d4s
(2pi)4
d4t
(2pi)4
× e−it·(y−x)e−is·(x−z)e−ir·(z−y)e−ip·ze−ik·yeiq·x
×
{
Tr
[
ieqfγαiSac(s)igγµt
ciScd(r)igγνt
diSda(t)
]
+ Tr
[
ieqfγαiSad(t)igγνt
diSdc(r)igγµt
ciSca(s)
] }
× Φ(x, y)Φ(y, z)Φ(z, x)µ(λp)ν(λk)α(λq), (4)
where p and k are the gluon and q the photon four-
momenta, tc, td are Gell-Mann matrices, and the po-
larization vectors for the gluons and the photon are
µ(λp), 
ν(λk), 
α(λq), respectively. The Lorentz in-
dices µ, ν, α and the space-time coordinates x, y, z as-
sociated to each vertex, are also depicted in Fig. 1.
The product of phase factors is Φ(x, y)Φ(y, z)Φ(z, x) =
exp
{
i
|eqfB|
2 mj(z − x)m(x− y)j
}
, where the indices
m, j = 1, 2 and mj is the Levi-Civita tensor.
In order to simplify the calculation, we use the fact
that at the earliest times, when thermalization has not
been achieved, the magnetic field is the dominant inter-
nal energy-scale in the process. Thus the calculation ac-
counts for photons coming from the shattered glasma,
where gluons are described by a dense, non-equilibrium,
state [23]. Therefore, in the absence of thermal effects,
and with |eqfB| >> m2f , one could in principle work
using the quark propagators in the lowest Landau level
(LLL). However, it can be shown that if all the quarks
in the triangle are in the LLL, the amplitude vanishes.
The leading order contribution is obtained when at least
one of the quarks in the loop is in the first excited Lan-
dau level (1LL). This is depicted in Figs. 1 and 2 where
the single line in the loop represents a quark in the LLL
whereas the double line represents a quark in the 1LL.
The corresponding expressions for the quark propagators,
in the massless limit (mf → 0), are
iS
(0)
ab (p) = i
e−p
2
⊥/eqfB
p2‖
δab/p‖O−
iS
(1)
ab (p) = −2i
e−p
2
⊥/eqfB
p2‖ − 2 |eqfB|
δab
×
[
/p‖O−
(
1− 2p
2
⊥
|eqfB|
)
− /p‖O+ + 2/p⊥
]
, (5)
where a, b are color indices and the operators
O(±) = [1± iγ1γ2sign(eqfB)] /2
are projectors onto the longitudinal space with
sign(eqfB) representing the sign of the charge flowing
in the quark line. With this approximation, the matrix
element (omitting color indices, for simplicity) in Eq. (4)
becomes
M˜gg→γ = 8i(2pi)4δ(4) (q − k − p) δcdeqfg2
×
∫
d4r
(2pi)4
d4s
(2pi)4
d4t
(2pi)4
µ(λp)
ν(λk)
α(λq)
×
∫
d4w d4l e−il(r−t−k)e−iw(r−s+p)
× exp
{
−i |eqfB|
2
mjwmlj
}
exp
{
−r
2
⊥ + s
2
⊥ + t
2
⊥
|eqfB|
}
× Tr
 γ1γ2γα 6 t⊥γν 6r‖γ
‖
µ 6s‖
r2‖s
2
‖
(
t2‖ − 2 |eqfB|
) + γ1γ2γµ 6s⊥γα 6 t‖γ‖ν 6r‖
t2‖r
2
‖
(
s2‖ − 2 |eqfB|
)
+
γ1γ2γν 6r⊥γµ 6s‖γ‖α 6 t‖
s2‖t
2
‖
(
r2‖ − 2 |eqfB|
)
 µ(λp)ν(λk)α(λq). (6)
The integral in Eq. (6) has a complicated structure. A
considerable simplification can be attained in two limit-
ing cases: either ignoring (a) the loop momentum that is
being compared to |eqfB| in the denominators or (b) the
magnetic field strength in the denominators compared
to the loop momenta. In this work we focus in the low
photon momentum part of the spectrum and thus will
consider case (a), namely, that |eqfB| is large with re-
spect to the loop momenta. Since, through momentum
conservation in the vertices, a small loop momenta is
tantamount of small external momenta, the result will
be valid only for low photon energies. The more gen-
eral case is currently being explored and will be reported
elsewhere. In this spirit, for central rapidity and for glu-
ons in the shattered glasma with momenta much less
than the saturation scale (Λs), it is possible to further
simplify the denominators of Eq. (6) considering that
2|eqfB|  t2‖, s2‖, r2‖. After a straightforward calcula-
tion, the matrix element can be written as
M˜gg→γ = −i(2pi)4δ(4)(q − k − p)eqfg
2δcdef(p⊥,k⊥)
32pi(2pi)8
×
{(
gµα‖ −
pµ‖p
α
‖
p2‖
)
hν(a)−
(
gµν‖ −
pµ‖p
ν
‖
p2‖
)
hα(a)
+
(
gµν‖ −
kµ‖ k
ν
‖
k2‖
)
hα(b)−
(
gαν‖ −
kα‖ k
ν
‖
k2‖
)
hµ(b)
+
(
gαν‖ −
qα‖ q
ν
‖
q2‖
)
hµ(c)−
(
gµα‖ −
qµ‖ q
α
‖
q2‖
)
hν(c)
}
× µ(λp)ν(λk)α(λq), (7)
where the trace over the Gell-Mann matrices has also
been performed and hµ(a) = −(i/pi)ijaigjµ⊥ , ai = pi +
2ki + iimpm, bi = 2pi + ki − iimkm, ci = ki − pi +
4iim(pm + km), with
f (p⊥, k⊥) =
1
8|eqfB| (pm − km + imj(pj + kj))
2
− 1
2|eqfB|
(
p2m + k
2
m + 2ijmpmkj
)
, (8)
where g⊥ = diag(1, 1) and g‖ = diag(1,−1) are the met-
ric tensors in the transverse and longitudinal spaces.
The diagrams in Fig. 2 contribute to the matrix ele-
ment for gluon splitting, M˜g→gγ . This process is related
to the gluon fusion channel, M˜gg→γ , by the crossing sym-
metry
M˜g→gγ(p, k, q) = M˜gg→γ(p,−k, q). (9)
To find the photon production probability we square
each of the matrix elements, sum and average over the
initial state and sum over the final state particle polariza-
tions and color. The sum also includes the contribution
from the quark flavors. Given the tensor structure of
Eq. (7), the only polarization involved, both for the glu-
ons and the photon, is the longitudinal one. In this work
we account only for the lightest quarks, f = u, d, s. Since
the processes do not interfere, we sum incoherently the
two matrix elements squared, obtaining∑
c,p,f
|M˜|2 = V∆τ(2pi)4
∑
c,p,f[
δ(4) (q − k − p) |Mgg→γ |2
+ δ(4) (q + k − p) |Mg→gγ |2
]
, (10)
where∑
c,p,f
|Mgg→γ |2 =
∑
c,p,f
|Mg→gγ |2
=
2αemα
2
s q
2
⊥
piω2q
∑
f
q2f
(
2ω2p + ω
2
k + ωpωk
)
× exp
{
− q
2
⊥
|eqfB|ω2q
(
ω2p + ω
2
k + ωpωk
)}
,
(11)
where Nc is the number of colors. The factor V∆τ comes
from squaring the delta function for energy-momentum
conservation in Eq. (7). This factor represents the space-
time volume where the reaction takes place and consists
of the product of the spatial volume of the nuclear over-
lap region V(t) at time t and the time interval ∆τ where
the magnetic field can be taken as having a constant in-
tensity B(t). For a given centrality class, the spatial vol-
ume can be estimated from the fraction of the number
of participants to the total number of nucleons. Since
the reaction stops as soon as the magnetic field becomes
negligible, the overall lifetime ∆T can be estimated cal-
culating the duration of the magnetic pulse. To estimate
these factors, we perform Monte Carlo simulations using
UrQMD [15]. This is discussed in the following section.
Notice that in writing Eq. (11) we have already used
that, in order to satisfy energy and momentum conserva-
tion for massless gluons and photons, and when ignoring
the dispersion properties of the magnetized medium, the
four-momenta pµ = (ωp, ~p), k
µ = (ωk,~k) and q
µ = (ωq, ~q)
are related by
pµ = ωp(1, pˆ) = (ωp/ωq) q
µ,
kµ = ωk(1, kˆ) = (ωk/ωq) q
µ, (12)
which means that for the reaction to take place, the glu-
ons and the photon are required to have parallel mo-
menta. The invariant photon momentum distribution is
given by
ωq
dNmag
d3q
=
V∆τ
2(2pi)3
∫
d3p
(2pi)32ωp
∫
d3k
(2pi)32ωk
× (2pi)4
{
δ(4) (q − k − p)n(ωp)n(ωk)
∑
c,p,f
|Mgg→γ |2
+δ(4) (q + k − p)n(ωp) [1 + n(ωk)]
∑
c,p,f
|Mg→gγ |2
}
,
(13)
where n(ω) represents the distribution of gluons coming
from the shattered glasma. We use for this distribution a
simple model that accounts for the high occupation gluon
number given by [23]
n(ω) =
η
eω/Λs − 1 , (14)
where η represents the high gluon occupation factor. No-
tice that this distribution is Bose-Einstein-like. Thus,
the initial state gluon with energy ωk comes weighed
with an occupation factor n(ωk), whereas the final state
one comes weighed with an enhanced occupation factor
1 + n(ωk). We find explicitly
1
2piωq
dNmag
dωq
= V∆τ αemα
2
spi
2(2pi)6ωq
∑
f
q2f
×
∫ ωq
0
dωp
(
2ω2p + ω
2
q − ωpωq
)
e−gf (ωp,ωq)
× {I0 [gf (ωp)]− I1 [gf (ωp)]}
× {n(ωp)n(|ωq − ωp|)
+n(ωp) [1 + n(|ωq − ωp|)]} , (15)
where
gf (ωp, ωq) =
ω2p + ω
2
q − ωpωq
2 |eqfB| , (16)
and I0, I1 are the modified Bessel function of the first
kind. Notice that ∆τ in Eq. (15) corresponds to one of
5the small time intervals that we used to divide the whole
time interval ∆T over which the magnetic pulse is appre-
ciable. The whole yield thus corresponds to the sum of
the yields in each of the small time intervals represented
by ∆τ . In each of these intervals the photon emission
is considered at the corresponding value of the magnetic
field during its time evolution. Therefore, the overall
number of photons coming from magnetic field induced
processes is not simply proportional to the whole time
interval but rather it is computed for each value that
the magnetic field takes on during successive small time
intervals ∆τ and then added up.
In order to compute explicitly the photon distribution
and the second harmonic coefficient, recall that the mag-
nitude of the photon momentum transverse (to the direc-
tion of the magnetic field), q⊥, is obtained projecting the
magnitude of the photon momentum with sin(θ), where θ
is the angle between the magnetic field direction and the
photon direction of motion. In order to refer q⊥ to the re-
action plane, we use that sin(θ) = sin(pi/2−φ) = cos(φ),
where φ is the angle between the photon’s momentum
and the reaction plane direction. The azimuthal distri-
bution with respect to the reaction plane can be given in
terms of a Fourier decomposition as
dNmag
dφ
=
Nmag
2pi
[
1 +
∞∑
n=1
2vn(ωq) cos(nφ)
]
, (17)
where the total number of photons, Nmag, is
Nmag =
∫
d3q
dNmag
d3q
. (18)
From Eq. (15), and given that d3q = ω2qdωqdφdy,
where y is the rapidity, it is possible to write, for cen-
tral rapidity ∆y ≈ 1:
dNmag
dφ
=
αemα
2
sV∆τ
2(2pi)5
cos2 φ
∑
f
q2f
∫ ωq
0
dω′qI(ω
′
q, φ),
(19)
where
I(ω′q, φ) =
∫ ω′q
0
dωp
(
2ω2p + ω
′2
q − ωpω′q
)
× e−2 cos2(φ)gf (ωp,ω′q)
×
{
n(ωp)n(|ω′q − ωp|)
+ n(ωp)
[
1 + n(|ω′q − ωp|)
] }
. (20)
To find the expression for v2, we take n = 2 in Eq. (17).
Using the orthogonality of the cosine functions of inte-
ger multiples of the azimuthal angle, together with the
identity∫ 2pi
0
dφ cos2(φ) cos(2φ)e−A(x) cos
2(φ) = pie−A(x)/2
×
[
I0
(
A(x)
2
)
− 2 +A(x)
A(x)
I1
(
A(x)
2
)]
,(21)
we find from Eq. (19) that v2(ωq) is given by
vmag2 (ωq) =
αemα
2
spiV∆τ
2(2pi)5Nmag
∑
f
q2f
∫ ωq
0
dω′q
∫ ωq ′
0
dωp
×
(
2ω2p + ω
′
q
2 − ωpω′q
)
e−gf (ωp,ω
′
q)
×
{
I0 [gf (ωp)]−
[
1 +
1
gf (ωp)
]
I1 [gf (ωp)]
}
× {n(ωp)n(|ω′q − ωp|) + n(ωp) [1 + n(|ω′q − ωp|)]} .
(22)
Notice that the magnetic field dependence of the yield
and vmag2 in Eqs. (15) and (22), respectively, comes
through the function gf defined in Eq. (16). In order
to have an estimate for the strength of this magnetic
field in the interaction region born out of a Monte Carlo
calculation, we use UrQMD. As we proceed to show, the
simulation can also be used to estimate V and ∆T (that
serves as a proxy for the interaction region lifetime).
III. MAGNETIC FIELD STRENGTH AND
SPACE-TIME VOLUME FROM URQMD
We use UrQMD [15] to compute the time evolution
of both, the magnetic field strength and the space-time
volume of the interaction region in heavy-ion collisions
for a given centrality class. This enables us to perform a
systematic study of the photon excess coming from gluon
fusion and splitting with a better estimate of the space-
time volume (V∆T ) and magnetic field time profile which
is an improvement on our previous analysis [14].
We first simulate relativistic Au+Au collisions at√
sNN = 200 GeV for three centrality classes, 0-20%, 20-
40% and 40-60%. Next, for Cu+Cu collisions at the same
collision energy, we simulate events in the centrality class
0-40%. These centrality classes were mapped from im-
pact parameter ranges using the procedure described in
Ref. [24].
For each event, the magnetic field at position x and
at time t can be calculated using the Lie´nard-Wiechert
potential generated by non-accelerated charges moving
along the beam direction [25] as
eB(x, t) = αem
∑
j
(1− v2j ) vj ×Rj
R3j
[
1− (vi×Rj)2
R2j
]3/2 , (23)
where Rj = x − xj(t), xj(t) is the position of the j-
th charge moving with velocity vj , Rj is the magnitude
of Rj and the sum runs over charged particles in each
event. The magnetic field is computed at the middle of
the interaction region, x = 0. Figure 3 (a) [(b)] shows
the time profile of this magnetic field at the center of the
collision region produced by spectators (participants and
spectators), for different centrality ranges in Au+Au and
Cu+Cu collisions at
√
sNN = 200 GeV. The overall time
6interval was taken to be ∆T = t−t0 with t0 = 0 fm being
the beginning of the collision. Since the magnetic pulse
is short-lived, this time interval was set to ∆T = 0.5 fm
with time varying in steps of ∆τ = 0.01 fm. Although
hydrodynamical simulations start at early times of order
0.2-0.6 fm [9, 26, 27], notice that the strength of the
magnetic field has decreased by more than an order of
magnitude from its initial value by times of order 0.2
fm. This means that possible thermal effects, implied by
hydrodynamical simulations, start on average after the
time interval when the magnetic pulse is important. Also,
notice that at the earliest times, although the Cu+Cu
system is smaller than the Au+Au one, the considered
centrality class produces a similar average field strength
for the former compared to the latter for the most central
collisions.
Figure 4 shows the volume V(t) calculated for each
centrality class as
V(t) = 2tpir2A
(
Npart
2N
)2/3
, (24)
where pir2A(Npart/2N)
2/3 corresponds to the transverse
area of a cylinder having a radius rA (rAu = 6.38 fm,
rCu = 3.9 fm [28]), weighed with the ratio of the number
of participants Npart to twice the number of nucleons
2N in each of the colliding nuclei, raised to the power
2/3. This last factor accounts for the overlap area in
the collision region. The cylinder symmetry axis is taken
to be along the beam. The factor 2t accounts for the
longitudinal distance between the receding nuclei moving
close to the speed of light after time t.
IV. RESULTS
Throughout this section we present results using αs =
0.3, Λs = 2 GeV, η = 3. Figure 5 shows the invari-
ant momentum distribution and corresponding vmag2 , for
Au+Au collisions at
√
sNN = 200 GeV in the 0-20%, 20-
40% and 40-60% centrality ranges and Cu+Cu collisions
in the 0-40% centrality range at the same energy. We
use the magnetic field strength generated only by spec-
tators. Notice that the net yield is calculated by adding
the yields for all time intervals within ∆T and is given
by
dNmag
dωq
=
∑
i=1
[
dNmag
dωq
]
i
, (25)
where
[
dNmag
dωq
]
i
is the yield corresponding to the ith-time
interval ∆τi, given by Eq. (15). The corresponding net
v2 is computed as a weighted average which accounts for
the time-varying yield, as
vmag2 (ωq) =
∑
i=1
[
dNmag
dωq
(ωq)
]
i
[vmag2 (ωq)]i∑
i=1
[
dNmag
dωq
]
i
(26)
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FIG. 3: Mean magnetic field strength produced by (a)
spectators and (b) spectators and participants at the
middle of the interaction region as a function of time for
three centrality classes 0-20%, 20-40% and 40-60% in
Au+Au collisions and one centrality class 0-40% in
Cu+Cu collisions at
√
sNN = 200 GeV.
where [vmag2 (ωq)]i is the harmonic coefficient correspond-
ing to the ith-time interval ∆τi, given by Eq. (22). Fig-
ure 6 shows the invariant momentum distribution and
corresponding vmag2 for the same systems as in Figure 5
but with a magnetic field strength generated by both
spectators and participants. Notice that including the
contribution to the magnetic field strength coming from
70 0.1 0.2 0.3 0.4 0.5
t [fm]
0
1
2
3
4
5
6
7
3
10×
]
-3
[G
e
V
= 200 GeV
NN
sUrQMD, Au-Au 
spectators
0-20%
20-40%
40-60%
= 200 GeV
NN
sUrQMD, Cu-Cu 
0-40%
V
FIG. 4: Volume V as a function of time for three
centrality classes 0-20%, 20-40% and 40-60% in Au+Au
collisions and one centrality class 0-40% in Cu+Cu
collisions at
√
sNN = 200 GeV.
the spectators and participants, produces an increase of
both the invariant yield and [vmag2 (ωq)].
We now proceed to compare these results to experi-
mental data. Notice that since the magnetic contribu-
tion represents an excess over calculations not including
these effects, for the yield we can compare to the differ-
ence between data and a hydrodynamical simulation of
the direct photon yield. However, for v2, one needs to
consider a weighed average between the v2 contribution
from photons produced by the magnetic field and the v2
contribution from the direct photons produced by the
simulation. For this comparison we choose the state-of-
the-art calculation of Ref. [9].
Figure 7 (8) shows the difference between PHENIX
data [5] and the hydrodynamical calculation of Ref. [9]
–open symbols– compared to our calculation of the in-
variant yield –filled symbols– considering only the con-
tribution to the magnetic field strength produced by the
spectators (spectators and participants), in Au+Au col-
lisions at
√
sNN = 200 GeV. (a) shows the 0-20% and (b)
the 20-40% centrality classes. Notice that when consid-
ering the magnetic field produced only by spectators the
theoretical yield compares better to peripheral than to
central collisions. The comparison improves both for pe-
ripheral and central collisions when the contribution to
the field strength from the participants is also included.
Notice that the photon yield coming from magnetic field
induced process is normalized to the total number of pho-
tons produced by this process during the whole time in-
terval where the magnetic field is appreciable. In this
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FIG. 5: (a) Invariant momentum distribution and (b)
vmag2 for Au+Au collisions in the 0-20%, 20-40% and
40-60% centrality classes and Cu+Cu collisions in the
0-40% centrality class at
√
sNN = 200 GeV considering
only the magnetic field generated by spectators.
sense, this yield is already a weighted sum, since it takes
into account adding the number of photons emitted dur-
ing each of the small time intervals, which in turn are
already normalized to the number of photons in each of
these intervals.
Figure 9 shows v2 as a weighted average accounting for
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vmag2 for Au+Au collisions in the 0-20%, 20-40% and
40-60% centrality classes and Cu+Cu collisions in the
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√
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the magnetic field generated by both, the participants
and spectators.
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FIG. 7: Difference between PHENIX data [5] and the
hydrodynamical calculation of Ref. [9] (open symbols)
for Au+Au collisions at
√
sNN = 200 GeV for (a) the
0-20% and (b) 20-40% centrality classes, compared to
the calculation of the invariant yield (filled symbols)
considering only the contribution to the magnetic field
strength produced by the spectators.
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FIG. 8: Difference between PHENIX data [5] and the
hydrodynamical calculation of Ref. [9] (open symbols),
for Au+Au collisions at
√
sNN = 200 GeV for (a) the
0-20% and (b) 20-40% centrality classes, compared to
the calculation of the invariant yield (filled symbols)
considering the contribution to the magnetic field
strength produced by both the participants and
spectators.
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FIG. 9: v2 as a function of the photon energy ωq.
Shown are the contributions from the hydrodynamical
calculation of Ref. [9] (open squares) and the magnetic
field-dependent calculation summed as a weighed
average including the field strength coming from (a) the
spectators and (b) the spectators and participants
(filled circles). The experimental data (open symbols)
correspond to Au+Au collisions at
√
sNN = 200 GeV in
the 20-40% centrality class from Ref. [5].
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the magnetic and direct photons
v2(ωq) =∑m
i=1
[
dN
dωq
]
i
[vmag2 (ωq)]i +
dNdirect
dωq
(ωq) v
direct
2 (ωq)∑m
i=1
[
dN
dωq
]
i
+ dN
direct
dωq
(ωq)
,
(27)
where dNdirect/dωq and v
direct
2 are the (ωq-dependent)
spectrum and second harmonic coefficient of direct pho-
tons from Ref. [9], respectively, compered to the experi-
mental data for Au+Au collisions at
√
sNN = 200 GeV
in the 20-40% centrality class from Ref. [5]. (a) corre-
sponds to the calculation of magnetic field effects coming
only from the spectators the spectators and (b) from the
the spectators and participants. Notice that the mag-
netic field contribution improves the agreement with ex-
perimental data for the low part of the spectrum helping
to describe the rise of v2 as the photon energy decreases.
As can be seen from Figs. 8 and 9, the excess photon
yield and v2 coming from magnetic field induced gluon
fusion and splitting helps to better describe the experi-
mental data having as a baseline a state-of-the-art calcu-
lation accounting for many of the well described sources
of photons. The effect on the photon yield is to increase
the distribution and at the same time shift it to higher
photon energy values. For the case of v2, the agreement
of the calculation with data is particularly good in the
lowest part of the spectrum since it describes well the ob-
served experimental fall between 0.5 and 1 GeV. This fall
has received little attention and in our approach it is due
to the rise and fall of the v2 distribution that peaks for
energy values of the order of
√
eB. For the energy region
above 1 GeV the calculation overshoots the data. This
may be due to the fact that the obtained photon distribu-
tion we used contains a power-like tail that overestimates
the yield for large photon energies. This is a shortcom-
ing of our approach that considers |eB| to be the largest
energy scale in the problem and which is bound to fail
for large photon energies. An improved matrix element
that replaces Eq. (7), valid for large photon energies is
being computed and will be reported elsewhere.
V. SUMMARY AND CONCLUSIONS
We have computed the contribution to the photon yield
and v2 from gluon fusion and splitting induced by a
magnetic field during the early stages of a relativistic
heavy-ion collision, where there is a large gluon occu-
pation number below the saturation scale Λ. Although
Λ  |eB|, notcie that nowhere in the calculation it is
necessary to directly compare |eB| to Λ. Thus, the cal-
culation describes the situation where the magnetic field
driven photon emission happens in the background of
a large amount of gluons whose momentum is smaller
than Λ and whose occupation number decreases (expo-
nentially) fast as their momentum approaches Λ. Nev-
ertheless this occupation number is still appreciable for
|eB| < ω2q < Λ2 and the calculation is thus only valid for
low photon energies ωq < Λ. For larger photon energies,
the approximation breaks down and one needs to resort
to another approximation to describe the time evolution
of emitted gluons in this kinematic regime. In this sense,
our treatment has to be regarded as a first analytical step
towards an estimation of the photon yield obtained from
a magnetic field driven process.
The magnetic field strength and volume are computed
using UrQMD simulations and the results compared with
recent data from PHENIX. For the yield, the excess com-
ing from the magnetic field induced processes is compared
with the difference between PHENIX data and the hy-
drodynamical calculation of Ref. [9]. v2 is computed as a
weighed average accounting for magnetic and direct pho-
tons. The results show a relatively good agreement for
the lower part of the spectra and is better for periph-
eral collisions. The comparison improves when the mag-
netic field strength includes the contribution from both
spectators and participants. We emphasize that our re-
sults point into the direction of enhancing the yield and
v2 for pT . 1 GeV/c, a trend not incompatible with
data [29]. However, uncertainties on experimental data
are still too large and analyses with larger data sets are
eagerly awaited for.
There are several avenues for improvement. For ex-
ample, we can consider a spatial dependence of Λs and η
that we use in the simple model that accounts for the high
occupation gluon number given by Eq. (14). Here, in or-
der to capture the essence of the magnetic field effect for
photon production, we have considered only a treatment
of these parameters as if averaged in space, inspired in
Ref. [17]. This is enough for a short-lived magnetic pulse.
Notice also that we calculate the magnetic field strength
at x = 0. This approximation is enough when consider-
ing a pulse with spatial spread of ∆x ∼ 1/√eB. Indeed,
since for the widest spread scenario, the maximum value
for the field intensity is eB ∼ 5m2pi, the spatial spread is
about ∆x ∼ 1.5 fm. This is a narrow spatial spread. For
larger magnetic field strengths the spread becomes even
narrower. Thus, the approximation where we consider
the field strength evaluated at x = 0 is justified in the
context of this analysis.
Finally, in order to access a better description of the
photon yield for larger photon energies, the approxima-
tions leading to the used matrix element need to be re-
laxed. The calculation of an improved matrix element is
being currently explored and will be reported elsewhere.
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